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Goal:
  Hadronization by quark coalescence predicts that azimuthal anisotropy (v2) for baryons (mesons) is enhanced by a factor of 3 (2) compared to that for 
partons (Number of Constituent Quark scaling). Predicted ordering of v2 strongly relies on the assumption that deconfinement is achieved in heavy ion 
collisions. Therefore, experimental observation of the NCQ scaling may indicate the formation of a Quark-Gluon Plasma phase in the early stage of 
heavy ion reactions.
  The goal of this study is to verify NCQ scaling of v2 by precision measurements of v2 for identified hadrons as a function of collision centrality, and 
transverse momentum pT. It is observed that multi-strange hadrons (hadrons that contain 2 or 3 strange quarks) show smaller v2 than other strange 
hadrons in peripheral 30-80% centrality. Results may indicate that partonic phase is less dominant at peripheral collisions. Results for φ mesons and 
protons are  compared to predictions from ideal hydrodynamical with hadronic cascade model. It is observed that the ordering of v2 at low pT is consistent 
with the effect of hadronic rescattering.
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Space-momentum correlation
‣ Interactions convert initial coordinate space anisotropy
into final momentum anisotropy
Sensitive to properties of produced matter
‣ Equation of State, transport coefficients (η/s)

1. Anisotropic flow and quark coalescence hadronization

Number of Constituent Quark (NCQ) scaling of v2
‣ assume quark degrees of freedom is dominant at hadronization

2. STAR Detector, particle identification, event plane method

3. Results
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TPC = Time Projection Chamber
TOF = Time Of Flight detector
VPD = Vertex Position Detector

Solenoidal Tracker At RHIC

• Large & uniform acceptance 
at midrapidity (full azimuth 2π, |η| < 1)
• Excellent particle identification

K0S, Λ, φ, Ξ, Ω

Particle identification by TPC+TOF
‣ Specific energy loss dE/dx in the TPC
‣ Flight time in the TOF
‣ Topological reconstruction for weak decay
‣ Reconstruct invariant mass distributions

• Clear baryon and meson branches in central 0-30%
‣ NCQ scaling holds within ±10% 
• Deviation of multi-strange hadrons in peripheral
30-80% centrality
‣ v2(φ) < v2(K0S), v2(Ξ) ~ v2(Ω) < v2(Λ) at mT-m0 > 1 GeV/c2

‣ Partonic phase may be less dominant at peripheral collisions
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FIG. 9. (Color online) Transverse-momentum dependence of the elliptic flow parameters for pions (dotted blue), protons (dashed green),
and φ mesons (solid red), for Au+Au collisions at b = 7.2 fm. (a) Before hadronic rescattering. (b) After hadronic rescattering. (c) Ideal
hydrodynamics with Tth = 100 MeV. The results for pions and protons are the same as shown in Fig. 5.

to ideal hydrodynamics with Tth = 169 MeV) and for the ideal
hydrodynamic model with Tth = 100 MeV, that (i) the ratio
increases with pT or KET due to radial flow effects and that
(ii) the rate of increase drops when the freeze-out temperature
Tth is decreased, due to buildup of additional radial flow.
Surprisingly, the ratio increases even in pp collisions, but
for entirely different reasons, unrelated to collective flow: the
φ spectrum from pp collisions shown in Fig. 10 below is
considerably flatter than the proton spectrum, leading to the
prominent rise of the φ/p ratio with pT . The most interesting
feature of Fig. 8 is that the φ/p ratio from the hybrid model
does not at all increase with pT or KET (except at very
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FIG. 10. (Color online) Invariant cross sections as a function of
pT in nonsingly diffractive pp collisions for pions, protons, [72] and
φ mesons. Dotted, dashed, and solid lines are results from PYTHIA
for pions, protons, and φ mesons, respectively.

low pT < 500 MeV/c). Instead, it decreases over almost
the entire range of transverse kinetic energy shown in the
figure. This decrease is due to the flattening of the proton
spectrum by hadronically generated radial flow in which the
weakly coupled φ mesons do not participate. The comparison
with pp collisions and hydrodynamic model simulations in
Fig. 8 shows that the observation of such a decreasing φ/p
ratio would be an unambiguous signature for early decoupling
of φ mesons from the hadronic rescattering dynamics.

We now proceed to the discussion of dissipative effects
during the hadronic rescattering stage on the differential
elliptic flow v2(pT ). Figure 9 shows v2(pT ) from the hybrid
model for π, p, and φ. We consider semicentral collisions
(20–30% centrality), choosing impact parameter b = 7.2 fm.
In the absence of hadronic rescattering we observe the hy-
drodynamically expected mass ordering vπ

2 (pT ) > v
p
2 (pT ) >

v
φ
2 (pT ) [Fig. 9(a)], but just as in Fig. 5 (dashed lines) the

mass splitting is small. Figure 9(b) shows the effects of
hadronic rescattering: whereas the v2(pT ) curves for pions
and protons separate as discussed before (at low pT the pion
curve moves up while the proton curve moves down), v2(pT )
for the φ meson remains almost unchanged [66]. As a result
of rescattering the proton elliptic flow ends up being smaller
than that of the φ meson, v

p
2 (pT ) < v

φ
2 (pT ) for 0 < pT <

1.2 GeV/c, even though mφ > mp. Hadronic dissipative effects
are seen to be particle specific, depending on their scattering
cross sections that couple them to the medium. The large
cross section difference between the protons and φ mesons
in the hadronic rescattering phase leads to a violation of the
hydrodynamic mass ordering at low pT in the final state.

This is the most important new result of our work. Current
experimental data [67,68] neither confirm nor contradict this
predicted behavior, due to the difficulty of reconstructing
low-pT φ mesons from their decay products. If it turns
out that high-precision φ-meson v2 data at low pT show
violation of mass ordering, it will be evidence for strong
momentum anisotropy having developed already during the
QGP stage, with the contribution carried by φ mesons not
being redistributed in pT by late hadronic rescattering. At
intermediate pT , recent data [67,68] confirm the prediction
from the quark coalescence model [69,70] that there the elliptic
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Consistent with hadronic rescattering effect as 
predicted by one of hydrodynamical models

with hadronic rescattering
v2(φ) > v2(p)

no hadronic rescattering
v2(φ) < v2(p)

 (rad)
2

^-2q=2q6
-2 0 2

 (a
.u

.)
q

6
dN

/d

0.8

0.9

1

1.1

1.2  = 200 GeVNNsAu+Au at 
=1.4-1.6 GeV/cTp

-/++/AS
0K

Data )]
2

^-qcos[2(2Fit 1+2v

Event plane method 
‣ Estimate reaction plane by measured 
momentum anisotropy (event plane)
‣ Measure v2 with respect to the event 
plane for each pT, centrality bin

v2 = hcos [2(�� RP)]i
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